Autographa californica multiple nucleopolyhedrovirus requires nuclear actin for progeny virus production and thereby encodes viral products that ensure actin's translocation to and retention within the nucleus. Current evidence suggests that the ie0-ie1 gene complex along with five nuclear localization of actin (NLA) genes are sufficient for NLA in transient transfection experiments. Here we report that, during infection, only one of the five NLA genes, Ac102, was essential for NLA, and that AC102 had at least one other activity critical for budded virus (BV) production. Viral deletion mutants in the other four NLA genes were viable, with only two having replication phenotypes different from that of the wild type. Infection with AcDpe38 revealed a delay in both BV production and NLA. Infection with AcD152 revealed a delay in BV production, but no corresponding delay in NLA. Infection with either AcDpe38 or AcD152 resulted in slightly reduced BV titres. Deletion of Ac004 or he65 had no impact on actin translocation kinetics, timing of BV production or BV titres. These results implicate AC102 as a key player in baculovirus manipulation of actin.
INTRODUCTION
Actin, once thought to function exclusively in the cytoplasm, is now known to participate in many nuclear activities including transcription by all three host RNA polymerases (Visa & Percipalle, 2010; Gieni & Hendzel, 2009 ), chromatin remodelling (Zhao et al., 1998) and gene movement (Chuang et al., 2006; Dundr et al., 2007) . Moreover, nuclear filamentous actin (F-actin) is a major requirement for nuclear reprogramming, a process that enables differentiated cells to be reversed to an embryonic state . In this context, it is interesting that members of the genus Alphabaculovirus, including the type species Autographa californica multiple nucleopolyhedrovirus (AcMNPV), absolutely depend on nuclear F-actin for reprogramming their host cell's nucleus to make it suitable for progeny virus production (Wang et al., 2007; Kasman & Volkman, 2000; Lu et al., 2004; Ohkawa & Volkman, 1999; Volkman, 1988) .
During AcMNPV infection, the translocation of monomeric or globular actin (G-actin) into the nucleus and the subsequent polymerization of actin within the nucleus are regulated by two different sets of viral genes (Goley et al., 2006; Ohkawa et al., 2002) . Both actin polymerization and F-actin-based viral activities within the nucleus require late gene expression, including the synthesis of minor capsid proteins P78/83, BV/ODV-C42 and VP80 (Charlton & Volkman, 1991; Goley et al., 2006; Ohkawa et al., 2010; Wang et al., 2008; Li et al., 2010; Marek et al., 2011) . In contrast, early genes control the initial nuclear accumulation of G-actin. Ohkawa et al. (2002) showed that expression of the AcMNPV ie0-ie1 gene complex along with Ac004, Ac152 and pe38 1 day before expression of Ac102 and he65 induced the nuclear localization of actin (NLA) in transient transfection assays.
The ie0-ie1 gene complex and its products are well-studied and have been referred to as the 'motor' of baculovirus infection (Efrose et al., 2010) . IE1 and its splice variant IE0 are key regulators of the timing of expression of viral gene products both by transactivation and repression mechanisms (Rohrmann, 2011) . Virus replication can occur in the absence of either IE1 or IE0, but not of both (Stewart et al., 2005) . IE1 and three other baculovirus proteins form 'the reticulate structure' of the virogenic stroma where viral DNA replication takes place (Nagamine et al., 2011) . We did not dissect the effects of IE1 and IE0 on nuclear accumulation of actin, but rather focused on the less wellstudied NLA gene products. Of these, only HE65 and PE38 have been characterized previously. Functions ascribed to PE38 include acting as an early gene transactivator, a ubiquitin ligase, a factor in DNA replication and an enhancer of IE1-induced apoptosis (Imai et al., 2003; Kool et al., 1994; Lu & Carstens, 1993; Prikhod'ko & Miller, 1999) . HE65 is an early gene product with similarity to the RNA ligase 2 nt binding pocket, but RNA ligase activity has not been confirmed experimentally (Becker & Knebel-Mörsdorf, 1993; Ho & Shuman, 2002) . The remaining NLA gene products have no known functions, although insertional mutagenesis studies have indicated that Ac102 is essential for virus replication (Lu et al., 1996) .
Here, we report on the significance of each NLA gene to the nuclear translocation of actin and budded virus (BV) production during AcMNPV infection in vitro, which varied from 'absolute' to 'some' to 'none'. Deletion of Ac102 blocked both NLA and BV production. Notably, NLA using a nuclear-localization signal (NLS) in AcD102-transfected cells did not rescue BV production, showing that AC102 was critical for another function beyond NLA. Deletion of Ac152 both delayed BV production and caused a fourfold reduction in titre. The deletion of pe38 resulted in a similar delay in the onset of BV production with an eightfold loss in titre and, additionally, a corresponding delay in the accumulation of actin within the nucleus. Deletion of Ac004 or he65 caused no phenotype. Taken together, our results confirmed that nuclear actin is critical for AcMNPV progeny production and revealed that AC102 plays an essential role in actin translocation to the nucleus.
RESULTS

Ac102 is essential for virus replication
Deletion mutant AcD102 was constructed from WOBpos, a bacmid containing the full-length genome of the E2 strain of AcMNPV, as shown in Fig. 1 (Goley et al., 2006) . Transfection of AcD102 bacmid DNA into Sf 9 cells yielded transient cytopathic effects (CPE) at 2-3 days post-transfection (p.t.) in ,5 % of cells, indicative of a successful transfection. However, at 4-5 days p.t., no occlusion bodies (OBs) or CPE typically associated with AcMNPV infection were observed, in contrast to WOBpos transfections, which produced OBs in .60 % of cells. Moreover, no transmissible infectivity could be obtained from cells transfected with AcD102. Progeny virus production could be rescued, however, by cotransfection of the AcD102 bacmid together with a plasmid that expresses Ac102, demonstrating both that Ac102 is an essential gene and that deletion of Ac102 does not affect neighbouring essential genes (data not shown).
AC102-FLAG and GFP-actin localization
To study AC102, we constructed Ac102-FLAG, a rescue bacmid containing Ac102 with a C-terminal FLAG epitope tag substituting for wild-type Ac102. AC102-FLAG was active in the transfection-based NLA assay (not shown), and transfection of Ac102-FLAG bacmid DNA into Sf 9 cells yielded progeny BV. One-step growth curves (repeated three times) comparing parental WOBpos and Ac102-FLAG BV were very similar, revealing that the FLAG-tagged AC102 had wild-type-like activity (Fig. 2a) . In localization experiments (also conducted multiple times) where TN-368 cells were infected by Ac102-FLAG BV, AC102-FLAG was localized to the nucleus, specifically to the virogenic stroma, while F-actin was translocated to the nuclear ring zone surrounding the virogenic stroma (Fig. 2b) . In contrast to infected cells, in uninfected TN-368 cells cotransfected with plasmids that express Ac102-FLAG and GFP-actin, both AC102-FLAG and GFP-actin were diffuse throughout the cytoplasm (Fig. 2c) , confirming the results of Ohkawa et al. (2002) .
To determine whether AC102 was necessary for the nuclear localization of G-actin, a recombinant bacmid carrying GFP-actin (AcWOB/GA) was constructed from WOBpos, and an Ac102 deletion bacmid (AcD102/GA) was constructed from AcWOB/GA. In contrast to AcWOB/GA, which produced BV that mirrored WOBpos BV in one-step growth curves conducted in triplicate (Fig. 3a) , AcD102/ GA-transfected cells did not produce BV, as expected. Nonetheless, the localization of GFP-actin could be assessed and compared following transfection. When TN-368 cells were transfected with AcWOB/GA and examined 21 h later, GFP-actin was localized to the nuclear ring zone. In contrast, cells transfected with AcD102/GA had little to no nuclear GFP-actin (Fig. 3b) . These results, consistent in several experiments, demonstrated that AC102 was essential for virus-mediated NLA.
Given that AC102 did not localize to the nucleus when expressed alone in cells and that the deletion of Ac102 was sufficient to prevent actin translocation into the nucleus, NLSs were added both to Ac102 and to GFP-actin, respectively, to determine whether the direct targeting of AC102 to the nucleus was sufficient to induce actin translocation to the nucleus and whether NLA was the only essential function of AC102. When tested in the NLA assay with the ie0-ie1 gene complex and the other NLA genes, Ac102-NLS-FLAG was active in promoting nuclear G-actin recruitment, demonstrating that the NLS tag did not interfere with AC102 function (data not shown). Moreover, when a plasmid expressing Ac102-NLS-FLAG was transfected into TN-368 cells, AC102 was localized to the nucleus (Fig. 4a) .
Cotransfection of Ac102-NLS-FLAG-and GFP-actin-expressing plasmids alone, however, did not result in the recruitment of G-actin to the nucleus (not shown). Thus, nuclear AC102 was not sufficient to promote nuclear G- actin accumulation; other viral factors were still required. Similarly, cotransfection of the AcD102 bacmid with a plasmid expressing NLS-GFP-actin ectopically producing nuclear GFP-actin did not rescue the ability of AcD102 to produce infectious progeny BV (Fig. 4b ). These results suggested that AC102 performs other essential roles in addition to its function in promoting nuclear G-actin accumulation.
PE38 and AC152 affect the kinetics of BV production; only PE38 affects G-actin translocation to the nucleus significantly
To determine the impacts of pe38 and Ac152 on infectivity, deletion mutants AcDpe38 and AcD152 were generated from the WOBpos background. Transfection of each bacmid individually yielded progeny BV. In comparative one-step growth curves repeated three times, AcDpe38 BV titre was reduced eightfold at 48 h post-infection (p.i.) compared with that of WOBpos, whereas the AcD152 BV titre was reduced fourfold (Fig. 5a, b) . To determine whether the observed differences in BV titres represented differences in the rates of BV production or differences in the time of onset of the exponential phase of BV production, one-step growth curves were performed in triplicate with hourly analysis of BV titres during the burst window from 15 to 24 h p.i. For WOBpos, the onset of exponential-phase production occurred between 19 and 20 h p.i., when the titre increased abruptly (Fig. 5c ). In comparison, exponential-phase production of AcDpe38-or AcD152-infected cells occurred at 23-24 h p.i., a 3-4 h delay (Fig. 5c ).
To determine whether the delay in BV production was presaged by a delay in NLA, pe38 and Ac152 deletion mutants (AcDpe38/GA and AcD152/GA, respectively) were constructed from AcWOB/GA. These GFP-actin-expressing bacmids were used to compare the effects of the missing genes on the localization of actin at 12, 15 and 18 h p.i. in experiments conducted in triplicate. Cell populations infected with AcWOB/GA displayed a measurable increase in the percentage of cells containing nuclear actin: 9 % at 12 h p.i., 39 % at 15 h p.i. and 60 % at 18 h p.i. (Fig.  5d ). In comparison, AcDpe38/GA-infected cells trailed behind and only registered 38.7 % positive for nuclear actin by 18 h p.i., the same percentage as the control virus at 15 h p.i. The AcD152/GA-infected cells showed no significant difference from the control in the number of nuclear actin-positive cells at any time point (Fig. 5d ).
HE65 and AC004 are dispensable for BV production
Deletion mutants AcDhe65 and AcD004 were generated from WOBpos, and both mutants produced viable progeny that were indistinguishable from WOBpos in the kinetics of BV replication in one-step growth curves (conducted in triplicate), indicating that these genes were completely dispensable for AcMNPV BV production in cell culture (Fig.  6a, b) . Additionally, neither deletion mutant had any demonstrable effect on actin translocation into the nucleus (not shown). Nonetheless, both the genes were fused to 39 FLAG epitope tags to locate their respective products during infection. In cells infected by either Ache65-FLAG or Ac004-FLAG, the gene products were localized to the cytoplasm and remained there throughout infection (Fig. 6c, d ).
DISCUSSION
Translocation of host actin from the cytoplasm to the nucleus is fundamental to AcMNPV's infection strategy. While Ohkawa et al. (2002) reported that the ie0-ie1 gene complex and five additional AcMNPV early genes were needed to translocate actin to the nucleus in transient transfection experiments, we found that only one of the five, Ac102, was essential for this activity during infection. Curiously, while Ac102 could be replaced by he65 in transient transfection assays (Ohkawa et al., 2002) , Ac102 was essential for infection, whereas he65 was not. Actin can be induced to localize to the nucleus by the addition of an Nterminal NLS, where it is capable of functioning normally (Hofmann et al., 2009; Posern et al., 2002) . We found, however, that when nuclear actin was supplied in AcD102-transfected cells by ectopic expression of NLS-actin, BV production was not rescued. These results demonstrated that Ac102 had a second critical function in addition to mediating actin translocation to the nucleus, which explains the discrepancy in transfection and infection results. Of the 46 currently available complete, annotated lepidopteran baculovirus genomes, only one, Leucania separata multiple nucleopolyhedrovirus (LsMNPV), does not contain a clearly identifiable Ac102 homologue. LsMNPV does contain clearly identifiable p78/83 and arif-1 (actin rearrangement-inducing factor 1) genes, however, suggesting that, even in the absence of an Ac102 homologue, actin may still play an important role in LsMNPV biology. As for Ac102, the gene is part of a conserved, essential region of the genome (Lu et al., 1996) , and evidence suggests that the Ac102 gene product becomes incorporated into occlusionderived virus (ODV) but, curiously, not BV (Braunagel et al., 2003; Wang et al., 2010) . There are no nonbaculovirus homologues or recognizable motifs to provide clues to its function.
Our results concerning deletion of pe38 confirmed and extended those of Milks et al. (2003) . We confirmed the 4 h delay in the onset of AcMNPV BV production and the eightfold reduction in BV titre. Additionally, we recorded a 3-4 h delay in the nuclear accumulation of actin in AcDpe38-infected cells, which could account for the 4 h lag in BV production, given that BV production requires nuclear actin (Ohkawa & Volkman, 1999) . The deletion of pe38 leads to a delay in the expression of several viral genes, including some NLA genes (Jiang et al., 2006) . However, PE38 is required for nuclear G-actin accumulation in transient transfection assays even when all NLA genes are under the control of constitutive promoters, showing that PE38's NLA role involves an activity other than controlling the expression of other NLA genes (Ohkawa et al., 2002) . One possible NLA function of PE38 could involve its ubiquitin ligase activity (Imai et al., 2003) . For example, PE38 could ubiquitinate the actin-specific nuclear export protein exportin-6, ultimately facilitating the nuclear accumulation of actin (Stüven et al., 2003). Another possibility by AcWOB/ GA (black bars), AcDpe38/GA (grey bars) or AcD152/GA (white bars). *Significant difference between these values and those of AcWOB/GA at a given time point (P,0.01; Student's t-test).
Nuclear localization of actin requires AcMNPV ORF 102 involves PE38's role in enhancing IE1-induced apoptosis (Prikhod'ko & Miller, 1999) , a stress that could lead to the accumulation of actin within the nucleus (Luchetti et al.,
2002), even though apoptosis is ultimately blocked (Clem, 2007) .
Deletion of Ac152 led to a 4 h delay in the onset of BV production and a fourfold reduction in virus titre overall. There was a suggestion of a corresponding delay in nuclear actin accumulation at 15 h p.i., but the putative lag was not statistically significant (see Fig. 5d ). More experimentation is needed to determine whether actin accumulation is delayed between 12 and 15 h in AcD152-infected cells.
Neither the kinetics of nuclear actin translocation nor BV production were altered by the deletion of he65 or Ac004. Moreover, HE65 and AC004 both remained in the cytoplasm throughout infection (although there is a possibility that the FLAG tags interfered with proper localization). Regardless, under our experimental conditions, the functions of these two proteins were either not essential or not unique.
Studies of the many roles of nuclear actin are now becoming mainstream and nuclear actin has gained new respect as a scientific topic. Understanding how baculoviruses accumulate and deploy nuclear actin for their various viral purposes could complement and provide context for these studies. Whilst the exact mechanism remains to be determined, our studies identified AC102 as a major player in the transport and accumulation of actin during infection.
METHODS
Cell culture. Growth curves were performed using Spodoptera frugiperda Sf 9 cells, whereas TN-368 or High Five cells were used for microscopy, as has been described previously (Ohkawa et al., 2002) . Sf 9 cells were cultured at 27 uC in Grace's insect medium (JRH Biosciences) supplemented with 10 % FBS (Gibco-BRL). TN-368 and High Five cells were cultured at 27 uC in Grace's insect medium supplemented with 10 % FBS, lactalbumin (Gibco-BRL) and yeastolate hydrolysate (Gibco-BRL). Medium for cells grown in suspension culture was further supplemented with 0.1 % pluronic F-68 (Sigma).
WOBpos and derivatives. WOBpos is an E2 strain AcMNPV bacmid that contains a kanamycin-resistance cassette (Goley et al., 2006) . All constructs used in this study were derived from WOBpos and were confirmed by restriction analysis and DNA sequencing. Bacmid DNA was isolated from bacteria using a Qiagen LargeConstruct maxiprep kit. To isolate mutant viruses, bacmid DNA was transfected into Sf 9 cells using Cellfectin (Invitrogen). Cells were plated in a 35 mm dish and incubated with 2 mg bacmid DNA premixed with Cellfectin reagent for 30 min. After a 5 h incubation, the transfection medium was replaced with fresh medium. Cells were inspected at 2-3 days p.t. for the presence of occlusions to determine the transfection efficiency, and again at 4-5 days p.t. for evidence of progeny production (e.g. an increase in the percentage of occlusionpositive cells). The culture medium was collected and progeny virus was amplified in 1610 7 Sf 9 cells.
Mutant virus construction. NLA deletion plasmids were constructed by inserting a lacZ reporter gene and a tetracycline-resistance cassette (Blue-tet; 5.4 kb combined) into the central portion of the gene of interest. These deletion plasmids were linearized and electroporated into Escherichia coli BW25113/pKD46 electrocompe- Indirect immunofluorescence of (c) HE65-FLAG at 24 h p.i. by Ache65-FLAG and (d) AC004-FLAG at 4 h p.i. by Ac004-FLAG, both in TN-368 cells and detected by FLAG antibody (red), in relation to DNA (blue), with the merged image also shown. Bars, 10 mm. tent cells along with WOBpos DNA. Positive mutant bacmids were generated by homologous recombination and isolated by plating transformed E. coli on medium containing kanamycin and tetracycline. Specifically, as depicted in Fig. 1 , to generate an Ac102 deletion plasmid, the KpnI E fragment of AcMNPV in pBSKS+ (Stratagene) was digested with EagI and MluI, blunted with Klenow and ligated to Blue-tet, deleting 41 % of the coding region. For AcDpe38, the SphI J fragment in pUC18 (Roche) was subcloned to remove a BglII site, then digested with BclI and BglII, blunted and ligated to Blue-tet, deleting 61 % of the coding region. Because of the small size of Ac152, a single cut with ScaI was made in the SphI J fragment of AcMNPV in pUC18, and Blue-tet was ligated to these blunt ends. To delete Ac004, an approximately 3 kb fragment from EcoRI to SalI of the HindIII F fragment of AcMNPV was cloned into pBSKS+, then subcloned to remove a BstBI site. The resulting plasmid was digested with SphI and BstBI, blunted and ligated to Blue-tet, deleting the central 17 % of Ac004. To generate AcDhe65, he65 ± approximately 200 bp up-and downstream was removed from the KpnI D fragment of AcMNPV in pBSKS+ by EcoRI digestion. The resulting fragment cloned into pBSKS+ was digested with HincII, blunted, and ligated to Blue-tet, deleting 76 % of the coding region.
Due to the close proximity of both Ac152 and pe38 to known transactivator ie-2, ie-2 expression was tested by quantitative RT-PCR and found to be the same in cells infected by WOBpos, AcDpe38 or AcD152 (data not shown).
AcWOB/GA construction. The eGFP Bombyx mori A4 actin gene was removed from a modified Clontech vector (Ohkawa et al., 2002) by digestion with NheI and XbaI and inserted into pIE1 T.V.3 (Jarvis et al., 1996) that had been digested with XbaI, putting GFP-actin under control of the AcMNPV ie1 promoter and the Bombyx mori nucleopolyhedrovirus (BmNPV) hr5 enhancer. The fragment containing the hr5 enhancer sequence, ie1 promoter and GFP-actin gene was subsequently removed from pIE1 T.V.3 by BlpI digestion, then blunted with Klenow, digested by SpeI and ligated to pWOBGent3 (Ohkawa et al., 2010) that had been cut with SmaI and XbaI. AcWOB/GA was generated by transforming electrocompetent E. coli with WOBpos bacmid DNA and the linearized plasmid ie1GA/ WOBGent3, and selecting for recombinants on medium that contained kanamycin and gentamicin.
Growth curves. One-step growth curves were performed by incubating 2610 6 Sf 9 cells in 6 cm dishes for 45 min, removing the medium and infecting the cells with BV at an m.o.i. of 10. After 1 h, the viral inoculum was removed, cells were rinsed twice in Grace's medium and 4 ml fresh medium was added. Cells were incubated at 27 uC and, at specified time points, 30 ml medium was collected from each dish. Virus titres were determined using immunoplaque assays, as described previously (Volkman & Goldsmith, 1981) .
FLAG and NLS tagging. For localization studies, 39 FLAG-tagged fusions were constructed for Ac004, Ac102 and he65 using the pFLAG-CMV-5a vector (Sigma). pFLAG-CMV-5a was modified by adding a chloramphenicol-resistance cassette (CAT) (from pKD3; GenBank accession no. AY048742) into the blunted BsgI restriction site in the hGH poly(A) region to generate pFLAG-TA.CAT. Each NLA gene was PCR-amplified with primers containing a 59 BamHI site and a 39 KpnI site to allow insertion into pFLAG-TA.CAT in frame with the FLAG tag. This resulted in NLA-FLAG genes followed by a CAT cassette 200 bp downstream. To make rescue plasmids, the NLA-FLAG gene and CAT cassette were removed from pFLAG-TA.CAT by digesting with BlpI (downstream of the CAT cassette), blunting and digesting with the upstream restriction enzyme used to make the deletion plasmids (e.g. EagI for Ac102). The NLA gene was then digested from the appropriate AcMNPV fragment (described above) with the downstream site used to make the deletion plasmid, blunted and then digested at the upstream restriction site used to make the deletion plasmid, allowing for the in-frame ligation of the NLA-FLAG gene/CAT cassette. This resulted in a rescue plasmid that contained the NLA-FLAG gene, followed by the CAT cassette, followed by a short repeat of the 39 end of the NLA gene. The rescue plasmids were electroporated into E. coli along with DNA from the deletion bacmid to generate FLAG-tagged rescue bacmids with the FLAG fusions being expressed behind the native viral gene promoters.
For transfection assays, each NLA-FLAG gene was removed from the FLAG vector and inserted into pACThr3 behind a B. mori actin promoter preceded by a BmNPV hr3 enhancer sequence (from Ohkawa et al., 2002) . For Ac004-FLAG, the gene was removed from pFLAG-CMV-5a by BstXI digestion, blunting and BamHI digestion, and ligated into pACThr3 that had been digested with XbaI, blunted and digested with BamHI. The remaining NLA-FLAG genes were removed from pFLAG-CMV-5a with AvaI and BamHI digestion and ligated into pACThr3 digested with XhoI and BamHI. For the addition of an NLS to Ac102, an oligonucleotide containing an SV40 NLS was generated by annealing single-stranded oligomers 59-GATCCGGTACCCCCAAGA-AGAAGCGTAAGGTGGAGGACCGTAC-39 and 39-GCCATGGGGG-TTCTTCTTCGCATTCCACCTCCTGG-59, which creates an NLS with BamHI-and KpnI-compatible overhangs. This oligo was cloned into pFLAG-TA.CAT (which had been digested with BamHI and KpnI). The resulting plasmid could be cut by BamHI and KpnI, and ligated to Ac102 (which was amplified with primers containing a 59 BamHI site and 39 KpnI site, as above). The resulting Ac102-NLS-FLAG gene was removed from this plasmid by BbsI digestion, blunting and BamHI digestion, and ligated to pIE1/153A (Lu et al., 1997) , which had been digested with NotI, blunted and digested with BamHI.
N-terminal NLS additions to actin have previously been demonstrated to move actin to the nucleus while still allowing actin to assemble into the cytoskeleton (Hofmann et al., 2009; Posern et al., 2002) . To generate actin with an NLS tag, pACThr3/GA (from Ohkawa et al., 2002) was digested with BamHI and NcoI, and ligated to an oligonucleotide generated by annealing single-stranded oligomers 59-GATCCATGGGTGGTGGTCCCAAGAAGAAGCGTAAGGTGGAGG-AC-39 and 39-GTACCCACCACCAGGGTTCTTCTTCGCATTCCA-CCTCCTGGTAC-59. When expressed, this construct generates a methionine-triple glycine-NLS (MGGGPKKKRKVED) in frame with GFP-actin in pACThr3.
Fluorescence microscopy
The NLA transfection assay. ) were applied to a 22622 mm coverslip and allowed to settle for 30 min. At day 0, cells were transfected with Ac004, Ac152 and pe38 expressed from pIE1/153A (5 mg of each plasmid) along with 0.5 mg pIE1actGA (Ohkawa et al., 2002) , using Cellfectin reagent as per the manufacturer's protocols. At day 1 p.t., control and experimental cells were transfected with 5 mg pIE1/153A expressing Ac102 or he65. Cells were fixed, stained and evaluated for the presence of nuclear actin on a Zeiss Axiophot photomicroscope on day 3 p.t. All FLAG-and NLS-tagged NLA gene products were tested for function in this assay.
NLA localization. To determine the localization of NLA gene products, 2610 5 TN-368 cells were plated on a 22622 mm coverslip, allowed to attach for 45 min, the medium removed then inoculated with AcNLA-FLAG BV at an m.o.i. of 10. After a 1 h adsorption period, the inoculum was removed and fresh medium was added. The coverslips were placed at 27 uC for the designated times p.i., then fixed in 2 % paraformaldehyde fixative in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , pH 6.9) for 10 min, rinsed in PHEM for 5 min, solubilized in 0.15 % Triton X-100 in PHEM for 10 min, rinsed twice in PHEM for 5 min, incubated in normal goat serum in PHEM for 5 min then in mouse M2 anti-FLAG antibody (1 : 200 in PHEM; Sigma) for 25 min, stained with DAPI (1 mg ml 21 in PHEM; Sigma) for 30 s, rinsed twice in PHEM for 5 min, stained with TRITC-conjugated goat anti-mouse antibody (1 : 100 in PHEM; Zymed) and, when necessary, FITC-phalloidin (1 : 100 in PHEM; Sigma) for 45 min, rinsed twice in PHEM for 5 min and then mounted onto glass slides in ProLong antifade mounting medium (Molecular Probes). Coverslips were viewed on a Zeiss Axiophot photomicroscope equipped for fluorescence microscopy.
To determine the localization of AC102 in the absence of other viral genes, 1610 5 TN-368 cells were applied to a 22622 mm coverslip and allowed to attach for 45 min, then transfected with 5 mg Ac102-FLAG or Ac102-NLS-FLAG in pIE1/153A, with or without 0.5 mg pIE1actGA or pACThr3/NLS-GA, pre-mixed for 10 min in Cellfectin reagent. After a 5 h incubation period, fresh medium was added and cells were allowed to incubate for 2 days then fixed and stained as described above. Coverslips were viewed on a Zeiss Axiophot photomicroscope equipped for fluorescence microscopy.
Actin localization. To test for NLA in AcWOB/GA-or AcD102/GAtransfected cells, 1610 5 TN-368 cells were plated on a 22622 mm coverslip and allowed to attach for 45 min, then transfected with bacmid DNA (2 mg) that had been pre-mixed with Cellfectin reagent for 30 min at 27 uC. After a 5 h incubation, fresh medium was added and cells were incubated for 21 h at 27 uC. The coverslips were then immersed in 2 % paraformaldehyde fixative in PHEM buffer for 10 min, rinsed in PHEM for 5 min, stained with 1 mg Hoechst dye ml 21 for 15 min, rinsed twice in PHEM for 5 min, and then mounted onto glass slides in ProLong antifade mounting medium. Coverslips were viewed on a Zeiss confocal laser-scanning microscope.
To determine the localization of actin during the course of infection, 1.75610 5 TN-368 cells were applied to 22622 mm coverslips and allowed to attach for 45 min, then inoculated with AcWOB/GA, AcDpe38/GA or AcD152/GA at an m.o.i. of 10. The viral inoculum was removed after 1 h and fresh medium was added. The cells were incubated at 27 uC and processed at 12, 15 or 18 h p.i. Coverslips were fixed in 2 % paraformaldehyde in PHEM for 10 min, washed in PHEM for 5 min, stained with Hoechst dye (1 mg ml
21
) for 15 min, washed twice in PHEM for 5 min, and mounted onto glass slides with ProLong antifade mounting medium. For statistical randomization, coverslips were marked with three horizontal and three vertical lines (generating nine points of intersection), and images were captured at these intersection points on a Zeiss Axiophot photomicroscope equipped for fluorescence microscopy. Images were scored for the total number of cells (based on the number of nuclei visible), and for the number of nuclear actin-positive cells. With a mean of 25-30 cells per field of view, nine images per slide and triplicate repeats, approximately 700-800 cells were scored for each virus at each time point.
